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In top-spray fluidised bed coating, the basic operating principle consists of air suspension of 49 particles in the coating chamber, spraying of coating polymer solution as droplets with the 50 objective of increasing the probability of particle-droplet impact, spreading of droplets on the 51 particle surface, droplet evaporation and layering or superposition of droplets on the particle 52 surface resulting in a homogeneous coating enveloping the core particles (Teunou and 53 Poncelet, 2002) . In order to control process efficiency in fluidised bed coating using a model-54 based approach, it is necessary to explore each phenomenon taking place in the system. As 55 described in previous works (Duangkhamchan et al., 2010; Duangkhamchan et al., 2011) , the 56 momentum transfer between the gas and solid phases was first modelled using various drag 57 coefficient models, in order to evaluate the appropriate drag model for the description of 58 fluidised bed behaviour (Duangkhamchan et al., 2010) . However, in that work, only 59 interaction between gas and solid phases with the absence of atomisation was taken into 60 account. Subsequently, the solids volume fraction was simulated including the effect of the 61 release of compressed air by the two-fluid nozzle in order to provide qualitative and 62 quantitative consistency of model simulations with experimental data (Duangkhamchan et al., 63 2011). However, the liquid phase, being the sprayed droplets, was not yet included in the 64 latter study. Therefore, the next step -as outlined in this research article -is the addition of 65 the liquid phase to the existing fluidised bed CFD model. 66
67
To produce sprays in fluidised bed coating processes, pneumatic or two-fluid atomisation is 68 frequently used. In the mechanism of the two-fluid atomisation, as shown in Fig.1 , a high 69 velocity gas impacts a liquid jet issuing from a nozzle orifice creating high shear force over 70 the liquid surface, leading to disintegration into spray droplets. The optimum frictional 71 conditions resulting from high relative velocity between gas and liquid are generated by 72 expanding the air to sonic or supersonic velocities before impacting the liquid (Hede et al., 73 2008) . When injected from the nozzle orifice, the liquid jet starts to make contact with the 74 mixing zone, expanding radially and squeezed into a thin circular sheet (Zeoli and Gu, 2006) . 75 The term "liquid sheet" is used for both flat and cylindrical jets as common nomenclature 76 (Hede et al., 2008) . For more details about two-fluid atomisation, the reader is referred to 77 Hede et al. (2008) , Sridhara and Raghunandan (2010) and Varga et al. (2003) . whole process and in practice have to be trial-and-error tested in order to control spray 84 characteristics, including droplet size distribution, droplets trajectories and spray cone angle 85 (Hede et al., 2008; Ronsse et al., 2007b) . Therefore, in order to reduce time consumption and 86 expensive cost of extensive experiments, many numerical approaches, for instance, Eulerian-87
Eulerian CFD, Eulerian-Lagrangian CFD, and population balance modelling, etc., have been 88 developed as a powerful tool to comprehend or clarify the impact of different input variables 89 on process efficiency and to research and design work (Ronsse et al., 2007b) . 90
91
During the last few decades, CFD has been widely adopted in many industrial uses. In spray 92 application, various numerical methods, for instance, the volume of fluid (VOF) method and 93 the discrete phase method (DPM), have been developed to predict basic characteristics of 94 spraying nozzles (e.g., spray angle and droplet size distribution) and to predict droplet 95 trajectories. In the discrete phase method (Lagrangian framework), the droplet trajectory is 96 calculated individually using the equation of motion, whereas the volume of fluid or 97 multifluid method (Eulerian framework) is based on continuum mechanics which treat the 98 two phases as interpenetrating continua (Taghipour et al., 2005) . 99 100 coating systems. The atomisation process occurring in a plain jet air blast atomiser (two-fluid 126 nozzle) was first investigated using the combination between a population balance model and 127 a CFD Eulerian multi-fluid model by Aly et al. (2009) breakup frequency, instead of using a constant value, based on both drag and turbulence 131 induced fragmentation stresses. Good agreement with the experimental data was achieved. 132
133
The main objective of this work is to present a CFD model of droplet atomisation of a two-134 fluid nozzle in the fluidised bed coating process, and to integrate it with existing gas-solid 135 CFD models for fluidised bed coating processes as described by Duangkhamchan et al. (2010, 136 2011). Furthermore, the alternative numerical approach to describe two-fluid atomisation 137 using population balance modelling combined with the Eulerian CFD framework is also 138 demonstrated. Finally, the impact of process variables on spray characteristics and 139 comparison of model-predicted distribution of voidage and liquid volume fraction obtained by 140 two approaches are assessed. 141
142
The results presented in this paper are part of a research project aiming at modelling the 143 complete top-spray fluidised bed coating process using CFD, with the global aim of 144 understanding the process fundamentals and to provide the insight for optimising process 145 control and reactor design. The modelling of the complete coating process requires several 146 aspects to be studied in more detail and consequently, the research was split up into four parts, 147 pertaining to the modelling of these aspects. First, a CFD model with appropriate selection of 148 a drag model was constructed to allow the accurate prediction of gas/solid behaviour in 149 tapered fluidised beds (Duangkhamchan et al., 2010) . Next, the effect of the release of 150 compressed air -to assist in the atomisation of the coating solution -on the hydrodynamic 151 behaviour of the fluidised bed was studied (Duangkhamchan et al., 2011) . The third part and 152 also the subject of this research paper, deals with the hydrodynamic modelling of the liquid 153 spray in the gas/solid fluidised bed. Finally, the overall CFD model will be concluded by 154 adding the heat and mass transfer (i.e. evaporation of the binder solution in the droplets and as 155 deposited onto the particles). 156 157 2. CFD model description 158
Discrete phase model (DPM) 159
In addition to solving transport equations for the continuous phases (i.e. gas and solids), a 160 discrete phase of droplets was simulated in a Lagrangian framework. The trajectories of these 161 discrete phase entities were computed individually. The coupling between the phases and its 162 impact on both the discrete phase trajectories and the continuous phase flow was included. 163 164
The Euler -Lagrangian approach 165
In the Euler-Lagrangian approach, the gas and solid phases are treated as continuous phases 166 by solving the time-averaged Navier-Stokes equations, while the dispersed phase (liquid 167 phase) is solved by tracking a large number of droplets through the calculated flow field. The 168 discrete phase can exchange momentum with the fluid phase. 169 170
Continuous phase model 171
Each volume within the mesh is simultaneously solved in an Eulerian frame of reference to 172 obtain the gas flow field with the use of general conservation equations, as summarised below 173
and described in more detail in Duangkhamchan et al. (2010 Duangkhamchan et al. ( , 2011 . 174 8
The conservation of mass of phase q (q = either gas or solid) is described as 176
where α q is the phase volume fraction, ρ q the density and q v G the velocity of phase q. 179
180
The following equation describes conservation of momentum for the fluid phase l: 181 
where D F G is the drag force per unit particle mass, 195
Here, g v G is the gas phase velocity, p v G is the droplet velocity, U g is the gas density, U p is the 198 droplet density and d p is the droplet diameter. C D is the drag coefficient estimated using the 199 correlation proposed by Morsi and Alexander (1972) . 
231 where L lg is the ligament length (mm), C sh denotes a sheet constant assumed to be responsible 232 for sheet breakup, v sh is the total velocity of the liquid sheet and : is the maximum growth 233 rate (s -1 ) and is found by numerically maximising the dispersion relation based upon the 234 growth of sinuous waves on the liquid sheet (Schmidt et al., 1999) . For short waves, the 235 ligament diameter is assumed to be linearly proportional to the wavelength that breaks up the 236 sheet, 237 
In the above equation, only droplet fragmentation or break-up was considered while droplet 258 coalescence was assumed to be negligible since sprays in the fluidised bed coating process are 259 considered to be dilute. Furthermore, droplet breakup was assumed to be binary, i.e., when a 260 terms on the left hand side of Eq. (9) 
275
expresses the rate at which droplets with volume V disappear from the system due to 276 fragmentation in smaller droplets, hence the term death rate. 277 where N i is the total number of droplets per size class, and is given by 296 297
298
The droplet birth rate resulting from droplet breakage, B i , and death rate term, D i , in Eq.(12), 299 are defined as 300 rates similar to those used in the previous works (Duangkhamchan et al., 2010 (Duangkhamchan et al., , 2011 
Three-phase flow model (gas-solid-liquid DPM model) 366
A CFD model including all three phases and their interactions -i.e. momentum transfer -was 367 developed to evaluate the impact of injection parameters. In this model, the water droplets 368 were considered to be a separate phase in addition to the gaseous and solid particle phases in 369 order to better describe the complex process of liquid spray inside the fluidised bed reactor. Table 1 . As the use of 387 compressed air in the two-fluid nozzle produces droplets with a size ranging from 10 to 40 388 µm (Lefebvre, 1989) , in this work, the droplet population was discretised into 7 size classes 389 with a diameter ranging from 10 to 40 µm. The breakage kernel was computed to represent a 390 case where droplet fragments are distributed to all daughter size bins. 391 392
Three-phase flow model (gas-solid-liquid MFM-PBM model) 393
Instead of solving the motion of injected droplets separately in the Lagrangian discrete phase 394 model, the gas, droplets and solid particles were treated as interpenetrating continua in the 395
Eulerian framework. The gas phase was considered to be the primary phase, whereas the 396 droplets and solid particle phases were the secondary phases. To track the droplet diameter in 397 the Eulerian solver, the number density function was solved using the class population 398 balance method (see Section 2.2). 399 
Discrete phase model (gas-liquid DPM) 472
geometry of a fluidised bed coater, as detailed in Table 2 and Figure 2 . The effects of 474 fluidisation air flow rate, atomisation air pressure and liquid feed rate -as outlined in Table 1  475 -on spray characteristics were simulated. 476 477 Figure 5 demonstrates the contour plots of droplet mass fraction at different atomisation air 478 pressures. It can be seen that the spray pattern did not change with increasing atomisation air 479 pressure. When considering the impact of fluidisation air flow rate, as detailed in Figure 6 , 480 higher flow rates were seen to reduce the diameter of the spray cone and to lower the droplet 481 mass fraction in the reactor. This can be explained by the fact that, at higher fluidisation air 482 flow, droplets are easier lifted out of the reactor. However, it is important to stress that the 483
DPM model in its current state did not include droplet evaporation (no energy equation). 484
Consequently, the length of model-predicted droplet trajectories is likely to be overestimated 485 compared to the actual process, where droplets are subjected to spray drying. Finally, the 486 effect of liquid feed rate on the droplet mass fraction distribution is shown in Figure 7 . At 487 higher liquid feed rates, more droplets can be produced. Due to the higher amount of spray 488 issuing from the nozzle in Figure 7c , the spray cone shape can obviously not be characterised. Fig. 10b demonstrates the droplets tracked at 15s. The calculated 567 droplet tracks revealed that droplets moved downwards along with the atomisation air cone 568 until facing the counter-current fluidising solid particles. Considering the absence of 569 phenomena including droplet evaporation and droplet/solids adhesion, the DPM algorithm 570 continues to track the droplets until they exit the reactor at the top or impact one of the reactor 571 particles, contributing to the layered growth of the coating wall around the individual core 573 particles. Also, in an actual fluidised bed coating process, the majority -typically ≥ 70 % 574 (Ronsse et al., 2008) -of water in the coating solution is evaporated after the droplets have 575 impacted the surface of the fluidised core particles. Only a minority of the water is evaporated 576 during droplet travel between the nozzle and the impacting particle surface. Consequently, 577 there will be a minimal impact of the droplet size reduction as a result of droplet drying on the 578 droplet dynamics (i.e. altered drag force, reduced droplet mass) and the resulting droplet 579 trajectories. 580 581
Multi-fluid flow model combined with population balance model (gas-solid-liquid 582

MFM-PBM) 583
Comparison between the gas-solid-liquid phase DPM and MFM-PBM model-predicted 584 results is shown in Figure 10a -d. As can be seen in Fig. 10a and 10c , the model-predicted 585 time-averaged steady-state voidage profiles of both models have a strong agreement. Also, 586 when considering the model-predicted distribution of droplets within the fluidised bed (Figs. 587 10b and 10d), and specifically the penetration depth of the droplets in the bed, the MFM-PBM 588 predicted results are consistent with those from the DPM. 589 590
Conclusions 591
As a powerful numerical tool for solving fluid flow problems, CFD was used to model the 592 important aero-and hydrodynamic aspects of a fluidised bed coater, including the gas, liquid, 593 and solid phases using two approaches: Eulerian-Lagrangian and combined Eulerian-594
Eulerian/population balance model. In the discrete phase model (DPM), the calibrated air-595 blast/air-assisted atomiser model was used as and the effects of process variables on spray 596 Table 1 .
Process variables used in this study ( a indicates reference scenario). 846 Table 2 .
Boundary conditions and simulation parameters. Table 2 Highlights:
x Multiphase computational fluid dynamics model was built for fluidised bed coating
x Gas-solid fluidisation modeled in the Eulerian framework
x Two-fluid atomisation was described by discrete phase and population balance models
x Gas-liquid model-predicted spray pattern experimentally verified using UV illumination
x Population balance modelling proved viable alternative to discrete models
